ABSTRACT: Beef has a requirement for refrigerated storage up to 14 d to achieve adequate aging and a tender product. To achieve this aging with little spoilage and no surface drying, vacuum packaging is attractive, because it is inherently simple and offers a clear indication to the packer when the process has failed or there is risk of spoilage. However, there is increasing pressure on the meat industry to limit the use of packaging materials in view of their cost and the cost involved in their recovery and recycling. The purpose of this report was to evaluate an alternative storage system in containers using modified atmospheres at reduced pressure (approximately 25 kPa). The quality of the meat for both container-and vacuum-packed treatments was measured during chilled storage for up to 3 wk. Storage time had the most significant effect on quality characteristics, irrespective of the packaging method. Storage in containers under a 70%N 2 :30%CO 2 gas mixture gave characteristics similar to beef stored under vacuum. Storage in containers under 100% CO 2 produced less drip loss than under 70%N 2 :30%CO 2 , but generally container storage produced 3 times as much drip loss as vacuum packaging. Shear force of the LM
INTRODUCTION
For all meats, there are 2 major production costs: animal husbandry and storage. Animal production can take several years, and refrigerated storage up to 14 d is 2456 was unaffected by the type of packaging, and at d 2 after slaughter (i.e., before the storage trial was begun), sarcomere lengths of muscles intended for container storage were similar to those destined for vacuum storage. During the packaging treatment, the comparison between the storage systems was always done within 1 animal using one carcass-half for container storage and the other half for vacuum packaging; all bulls were shackled from the left hindleg during bleeding. The majority of the muscles from the left sides had lower shear force values than those from the right sides at the earlier storage times (2 and 9 d after slaughter) but had similar values after longer storage (16 and 23 d after slaughter). This is the first report that shackling beef carcasses from the left side can result in more tender meat in the LM from that side. The increased tenderness in the LM from the shackled side probably resulted from an early decrease in pH and an increase in calpain activity after mechanical strain of the muscles on the shackled side. This effect of shackling should be taken into account when designing systematic comparisons of tenderness in beef.
needed to achieve adequate aging and a tender product. The high investment in production of beef animals requires that the beef be stored refrigerated for long periods without risking microbiological spoilage or increasing wastage due to increased discoloration, increased drip, or surface drying.
These criteria can be obtained by vacuum packaging of beef. The popularity of vacuum packaging in the meat industry is due largely to its basic simplicity as a process and its ability to offer a clear indication to 3 the packer when the process has failed or there is risk of spoilage. However, today's industry and consumers are concerned about environmental damage and the costs involved in the recovery and recycling of such packaging materials (Taylor, 1996) . In Europe, an industry waste-management survey (Anonymous, 1997) estimated that the 2% turnover rate in 1997 in the waste recovery industry would increase to 5.3% by 2003. The beef industry has therefore attempted to reduce its use of packaging materials. One way to achieve this would be to use large-volume, reusable containers for refrigerated storage of beef. However, the applicability of such container systems to the meat industry has not been systematically evaluated.
In the companion article (Paulsen et al., 2006) , we discussed such a container system for beef in which steel containers were filled with N 2 -CO 2 gas mixtures under subatmospheric pressure, and the microbiological condition was monitored. The purpose of this followup paper was to monitor other quality characteristics such as tenderness, drip, and color. In addition, the importance of within-carcass sampling was quantified in relation to those quality characteristics.
MATERIALS AND METHODS
Details of the experimental design and microbiological assays are given in the companion paper (Paulsen et al., 2006) . Here, only the essentials are summarized, and those methods specific to the current paper have been added.
Meat
Our study was conducted in a single EU-approved abattoir. Experimental animals were exclusively obtained from their commercial supply, and all had passed veterinary antemortem inspection before being admitted to slaughter. In 3 trials (A, B, C), thirty-six 18-moold Fleckvieh bulls with BW ranging from 617 to 700 kg were stunned with a captive bolt. Carcasses were shackled by their left hindleg and allowed to bleed for approximately 5 min. After transferring the carcasses to the dressing area, the "free" right hindleg and perineal area were dehided, the right hoof and shank were removed, and a hook was inserted between the achilles tendon and tibia/fibula. After a further 3 min (approximately), the carcass was suspended from the right hindleg, releasing the left leg for dehiding. After approximately 1 min, the left leg was attached to the hook, and suspended from the overhead rail. Prechill, dressed carcass weights ranged from 370 to 420 kg.
The carcasses were then split and the left and right sides were hung side-by-side for 48 h in air at 2 ± 2°C and flow of 6 m/s before being transported to a boning room at 12°C, where both the left and right loins were removed. These 40-to 50-cm-long strip loins were transported in refrigerated boxes to the laboratory, where they were assigned to 2 storage treatments. One loin Vacuum-packed treatments were from the muscle samples contralateral to those of the container samples.
was vacuum-packaged in plastic film, and the other loin from the same carcass was packed in a steel container. Packaging and storage treatments are shown in Table 1.
pH Value and Temperature
Measurement of the pH value was done electrochemically using a Testo 230 apparatus (Testo, Lenzkirch Germany) in combination with a penetration electrode. The equipment was calibrated before and after each test sequence. Temperature was adjusted automatically as pH and temperature were measured simultaneously with the same apparatus.
Measurements in muscle samples took place immediately after delivery from the slaughterhouse and immediately after removal from the container at the end of the various storage periods. For the measurement of pH and temperature, the sensors were stuck into the core of each muscle sample at 2 locations.
Container Storage
The containers were 200-L, high-grade, stainless steel barrels equipped with a control unit, which monitored and restored the gas mixture and temperatures throughout storage. This was done every 55 min by a short withdrawal of gas from the barrels followed by the injection of fresh modified atmosphere until the working pressure was reached.
A removable perforated plate was situated 2 cm above the bottom of the trays, to collect any drip under the plate and prevent the muscle samples from coming into contact with the drip. The muscle samples were then placed on the plate in the clean and disinfected trays. The tray was filled as densely as possible with the meat samples, taking particular care with cleanliness. Empty spaces between samples on the trays (1 tray per barrel) were filled with sterile polythene bags filled with water before covering the samples with the lid.
Temperature monitoring was done on fanfold paper by a hybrid recorder (Model DR 240, Yokogawa, Japan) connected with 2 sensors inserted in 2 gelatin blocks. One of these was located inside the container (representing the meat temperature in the container) and the other outside the barrel (representing the meat temperature in the chill room).
Trials were conducted at 2 ± 2°C at 20 to 30 kPa of pressure in an atmosphere of 70% N 2 :30% CO 2 or 100% CO 2 , and the meat samples were examined at 2, 9, 16, and 23 d after slaughter.
Vacuum-Packed Storage
Contralateral muscle samples were packaged separately in vacuum bags. The bags used were Combivac (Felzmann, Linz, Austria), foil type 20/70, a polyamidepolyethylene vacuum film with an O 2 permeability of 50 cm 3 /(m 2 ؒ24 hؒbar), CO 2 permeability of 150 cm 3 /(m 2 ؒ24 hؒbar), N 2 permeability of 10 cm 3 /(m 2 ؒ24 hؒbar) and steam permeability of 2.6 g/(m 2 ؒ24 hؒbar). Muscle samples were packed using a packaging machine (SuperVac, Laska, Traun, Austria) equipped with a rotaryvane vacuum pump (Type 021-336, Busch, Magden, Switzerland) with a nominal pumping speed of 20 m 3 / h and a final pressure of 0.2 kPa. The vacuum-packaged samples were stored in the chill room on trays located next to the barrels at a temperature of 2 ± 2°C.
Drip Loss and Sarcomere Length
After weighing and removal from the containers and vacuum packages, the samples were carefully mopped dry with paper tissues and reweighed. Drip loss was calculated from the weight difference before and after storage. Sarcomere length was determined by laser diffraction (Cross et al., 1980) of muscle fibers taken from 10-mm cubes cut in duplicate from different parts of the muscle.
Color
On the delivery day and on all other sampling days, a 2-cm-thick steak was cut from each strip loin to produce a fresh surface. Each steak was covered with an air-permeable foil and stored in the cooling room for 2 h to enable the fresh surface to come into contact with O 2 , a process called "blooming".
Immediately after blooming, the color was measured by determining the L*, a*, and b* values according to the CIE LAB system. The steak surface was measured at 5 locations, and the average L*, a*, and b* values were determined, from which hue [tan −1 (b*:a*)] and saturation [(a *2 + b *2 ) 1/2 ] were calculated. Measurements were taken using a spectral photometer CODEC 400 (Model Phymacon, PHYMA Computermesstechnik Spektrometersysteme Ges.m.b.H., Austria) equipped with Primus software (version 2.0) for MS Windows (Primä rfarbmetrikprogramm. PHYMA Computermesstechnik Spektrometersysteme) under illumination conditions of 10°D65 (daylight with UV light; 6,500°K elvin; and an illumination angle of 10°).
Cooking Loss and Tenderness
Muscle samples were stripped clean on the ligamentous dorsal side, weighed, and packaged separately in plastic bags (Combivac foil type 2070). The bags were placed in water at 72°C and removed when the muscle core temperature reached 70°C. The core temperature was determined by placing a temperature sensor in the meat sample; the cable to the instrument left the plastic bag through its opening situated above the water surface to avoid water flowing into the bag. After removal from the water, samples remained in the plastic bags and were cooled for 40 min in running cold water. The meat samples were dried with paper tissues and reweighed to calculate the cooking loss.
Toughness was measured on 1 × 1 × 7-cm pieces of LM with the long axis parallel to the direction of the muscle fibers by cutting the pieces right-angled to the direction of the muscle fibers with an Instron 441 (Instron, High Wycombe, Buckinghamshire, UK) equipped with a Warner-Bratzler shearing device (Chrystall et al., 1994) . The average maximum shear force was calculated.
The sheared pieces were recovered hygienically and kept refrigerated at 2°C until they were evaluated by a 15-member taste panel. Panelists indicated their preference for the container-stored samples or their vacuum-packaged counterparts, which were presented in coded pairs.
Statistical Analysis
Significances of differences were evaluated using SPSS 11.5 for Windows (SPSS Inc., Chicago, IL). A split-plot ANOVA was used to determine the overall effects of treatments, and their P-values were given. Paired t-tests were used to compare quality characteristics of contralateral LM. The differences in panel tenderness preferences between sides and days were analyzed by χ 2 test.
RESULTS
Temperatures before storage (data not shown) were, overall, 6.5 ± 2.5°C (sample mean and standard deviation) and varied from 2.3 (trial C) to 9.5°C (trial A). There were no differences between left and right sides or between vacuum-and container-packed meats. Similarly, ultimate pH values were, overall, 5.5 ± 0.1 for left and 5.5 ± 0.1 for right with values ranging from 5.4 (trial A) to 5.6 (trial C). Table 2 shows the results of the quality of the meat for both container (70/30 N 2 /CO 2 and 100% CO 2 ) and vacuum-packed treatments for storage at d 2 and 9.
Effect of Storage Time on Meat Quality
Storage time had a significant effect (and had the largest effect) on all quality characteristics. The pH increased marginally within the first week of storage in the 70% N 2 /30% CO 2 gas mixture but not significantly in 100% CO 2 gas. With the exception of hue under the 70% N 2 /30% CO 2 gas mixture, all color indicators in- creased with storage in both gas atmospheres. The meat color became slightly lighter, redder, and more saturated. Cooking losses were not affected in the 70% N 2 / 30% CO 2 gas mixture but increased from 22% at d 2 to 25% at d 9 after slaughter under 100% CO 2 gas. Shear forces decreased by about 17% during the same interval ( Table 2) .
Effect of Modified-Atmosphere Conditions on Quality
The 70% N 2 /30% CO 2 gas mixture had no significant effect on toughness. Drip loss was substantially lower under 100% CO 2 gas than under 70% N 2 /30% CO 2 gas mixture. Generally, drip loss after 1 wk of storage was 3 times greater under the 70% N 2 /30% CO 2 gas mixture and 2.6 times greater under 100% CO 2 than in vacuum packages (Table 2) .
Especially after longer storage (2 and 3 wk), the meat color under the 70% N 2 /30% CO 2 gas mixture was slightly less bright, red, yellow, and less saturated than that under vacuum-packaging (Table 3) 
Effect of Left and Right Sides on Quality
Under the 70% N 2 /30% CO 2 gas mixture, the only quality characteristic to be affected significantly was toughness; meat from the right sides was tougher (P < 0.05) than that from the left sides (Table 2) .
Tenderness and Sarcomere Lengths of LM from the Left and Right Sides
Toughness and panel tenderness in the contralateral sides were compared at each storage time (Table 4 ). The LM from the left sides had lower shear force values than those from the right sides at 2 and 9 d after slaughter but similar values to those from the right sides at 16 and 23 d after slaughter. Comparing the sensory preferences, more panelists preferred the muscles from the left sides than from the right sides (Table 4) .
Comparing the sarcomere lengths from the 2 sides showed that more muscles from the left sides had longer sarcomeres than those from the right sides (Figure 1) .
The majority of the muscles from the left sides had lower shear force values than those from the right sides (Figure 2 ) before the beginning of storage (d 2) and early in the storage period (d 9). However, the differences disappeared after longer storage (d 16 and 23) as shown by paired statistical comparisons (Table 4) .
DISCUSSION
The results presented here showed that, at least in physicochemical and sensory terms, bulk container storage in a modified atmosphere at 20 to 30 kPa could be used to obtain high quality meat; hence, reducing the meat industry's use of packaging materials. However, as indicated by microbiological data (Paulsen et Comparison of color (L*, a*, b*, hue, and saturation), cook loss, and drip loss on all sampling days over the whole storage time (up to 3 wk in trial A and 2 wk in trials B and C) between container (CS) and vacuum (VS) storage Values are means with SD of 18 bulls in trial A, 12 bulls in trial B, and 6 bulls in trial C.
2 ND = not determined. *P < 0.05; **P < 0.01; ***P < 0.001. The asterisks indicate, for an item, a significant difference between the CS and VS packaging methods immediately above each set of asterisks (i.e., within a sampling day).
al., 2006), the reduced shelf life needs to be taken into consideration. Incidentally, differences in microbial counts, caused particularly by greater surface counts of Pseudomonas sp. and Brochothrix thermosphacta after Values are the means and sample SD, and frequencies from 15 panelists, from n bulls, pooling all treatments at each storage time.
*P < 0.05; **P < 0.01. extended container storage during trial A (Paulsen et al., 2006 ) had no effect on parameters such as tenderness, color and drip loss. During this study (trial A), tenderness was observed to differ significantly between left and right longissimus pars lumborum muscles at the beginning of storage. Precautions were therefore taken to eliminate any such effect by systematic variation between treatments and side (trial B and C) because the industry conventionally shackles from the same (left) side. The effect was notable because the shackling period is so short (8 min) and the longissimus pars lumborum muscle is anatomically far from the shackling point.
Previous work in pig carcasses had also revealed shackling-side effects on meat quality characteristics. In porcine semimembranosus muscle, the pH value at 45 min postmortem (pH 1 ) depended on whether the pig was hung from the left or from the right hindleg between stunning and scalding (Fischer and Augustini, 1981). Lower pH 1 values and more PSE occurred in the hams originating from the left (shackled) side and this was confirmed in Canadian porcine studies (Jones et al., 1988) . The German study (Fischer and Augustini, 1981 ) also showed less favorable values for rigor value, water-holding capacity, lactate, glycogen, ATP, and Rvalue, but not in the ultimate pH, in the semimembranosus muscle in hams from the shackled side. Swedish studies (Lundström and Malmfors, 1985) showed greater light scattering (paler) in pork LM from the side shackled for about 20 min; the greatest differences between sides occurring in the lumbar region of the LM; that is, its region closest to the shackling point. In Canadian pigs, the reflectance was also greater in the majority of loins from the shackled sides (Swatland, 1986 ). In the current study in beef, there was no difference in lightness between the sides of the LM, but this would not be surprising because beef is much darker than pork and has a much slower decline in pH. We did confirm that there was no difference in ultimate pH as in pork (Fischer and Augustini, 1981) .
Thus, there is general agreement in pork that shackling produces a more rapid pH decline and associated poorer pork qualities. Although the mechanism has not been further investigated, it seems likely, as originally suggested (Fischer and Augustini, 1981) , that there is a greater muscle work on the shackled side due to the weight of the hanging carcass and that the increased muscle work may extend to isometric contractions in the longissimus muscle (Lundström and Malmfors, 1985) .
More interestingly, our results indicate that shackling from the left leg produced a more tender beef in the left than in the right LM and had similar tenderness to the right muscle after aging for more than 2 wk. Many factors could affect tenderness but it is unlikely that differences in sarcomere length were the cause, because differences were only found in the 70% N 2 /30% CO 2 gas mixture group and even then were too small (on average, 0.07 m) to have had any effect on tenderness. Indeed, the cooling regimens were deliberately slow and designed not to induce cold shortening of the longissimus muscles. An indication of the likely mechanism can be gained from the earlier research on porcine muscles (see above), in which it was shown that those leftside muscles had a more rapid decline in pH during the shackling period but the same ultimate pH. In pig semimembranosus muscles, the pH at 45 min was about 0.2 units lower in the shackled side than in the nonshackled side (Fischer and Augustini, 1981) . Clearly the shackling induced more rapid glycolysis, apparently as a result of the tension placed on the prerigor muscle. Such an increase in the rate of rigor development would cause an early release of calcium ions from the sarcoplasmic reticulum and, consequently, an increase in the activity of calpain proteases. Modeling the activity of calpain under different rates of pH decline and cooling conditions (Dransfield, 1992) has shown that early rapid decline in pH would increase early -calpain activity (and therefore, tenderization), but would not affect the final tenderness due to the rapid inactivation of -calpain. Thus, both the early tenderization but reduced aging after full rigor mortis observed in the longissimus pars lumborum muscle of the shackled side would be explained by changes in calpain activity.
If this were the mechanism, then the observed tenderness in the loin from the shackled side would depend not only on the period of hanging, but also on the muscle cooling conditions (Dransfield, 1992) . Under slow cooling, as in the current study, the shackled leg would be less tender than the nonshackled leg; under rapid cooling, the reverse would be expected.
IMPLICATIONS
Storage in modified atmosphere gases at reduced pressure gave similar tenderness values to beef stored in a vacuum, but produced more drip and, after extended storage, slight color changes.
The longissimus pars lumborum was more tender on the side from which the carcass had been shackled during bleeding compared with the contralateral side. It is proposed that the transient tenderizing was produced by an early increase in calpain activity. The tenderizing effect of shackling, although small (about 12% in the first week of storage), should be incorporated into the design of systematic studies of the factors affecting beef quality characteristics.
